Due to the complexity of monsoon systems and random behaviors of isotope tracers, conventional methods are not adequate for uncovering detailed information about monsoon activities from typically limited precipitation isotope data. We developed a new approach based on the entropy theory to analyze such data with a focus on the monsoon systems in China, dealing with the complexity of these systems and data deficiency. Using precipitation isotope data from 42 selected stations in and around China within the GNIP network, we computed entropies associated with D and 18 O. These entropies were found to relate linearly to each other with a proportionality factor close to unity. The spatial variations of the D and 18 O entropy in the study area revealed the origins, extents and pathways of the Chinese monsoon systems, as well as their interactions. While further investigation is needed at a greater (global) scale, this study has demonstrated how the entropy theory enables an in-depth analysis of precipitation isotope data to trace the pathway and determine the range of a monsoon system.
. Isotope fractionation occurs during the condensation of water vapor to form meteoric precipitation. This process and the resulting isotope composition of precipitation depend on a number of parameters, including surface air temperature, distance to the coast, altitude, latitude and amount of precipitation 5 . Globally, precipitation isotope compositions have been linked to the atmosphere general circulation predicted by AGC models [8] [9] [10] . In China and other Asian monsoon-active regions, isotope variations in the monsoon precipitation are controlled predominantly by the water vapor source and transport pathway. A number of studies have been carried out to explore D and 18 O as tracers for water vapor source and transport pathway based on the Rayleigh fractionation model in the Asian monsoon regions [11] [12] [13] [14] [15] [16] [17] [18] . However, these studies focused on localized trends and variations of precipitation isotope in connection with separate monsoon systems.
The two commonly used statistical measures for interpreting the precipitation isotope data are long-term arithmetic mean and long-term weighted mean (weighting according to the amount of precipitation) of δ D and δ 18 O 11-18 . It should be noted that the IAEA/WMO data, based on monthly composite samples of precipitation, provides only statistically averaged, episodic information about isotopic composition of atmospheric water vapor, resulting from successive precipitation events, each usually with highly variable isotope characteristics 8 . Analysis of precipitation isotope data based on long-term arithmetic mean or long-term weighted mean is not sufficient for revealing fully the links of the isotope with monsoon systems (supplementary information SI1). The composite nature of the sampling and data hinders the development of the isotope method for tracing the water vapor source and transport pathways in regions affected by multiple monsoon systems. Additionally, the analysis suffers from data deficiency due to missing/incomplete data at stations, especially in developing countries [7] [8] . As a result, a large degree of uncertainty exists with the isotope data analysis -a problem that cannot be resolved directly by the conventional methods based on the Rayleigh fractionation model. This uncertainty problem is further escalated due to the complexity of the monsoon system. For example, the East Asian monsoon system is complicated by various factors including ElNiño Southern Oscillation (ENSO), surface sea temperature, Eurasian snow cover, downward propagation of stratospheric anomalies associated with the polar vortex, and atmospheric internal processes such as Arctic Oscillation (AO), North Atlantic Oscillation and planetary wave activities [19] [20] [21] . The uncertainty problem with the isotope data analysis may be alleviated by the entropy theory, which is ideal for dealing with stochastic systems and insufficient data. Entropy, as a measure of the degree of dispersion, uncertainty, disorder and diversification of a system, can better reflect the complexity of monsoon systems 22 . The principle of maximum entropy enables the extraction of as much information as possible from data with as little assumption as possible made [23] [24] [25] . Within a monsoon system, its entropy would continuously increase along the vapor travel path. The rate of entropy increase, however, intensifies when mixing between the original vapor and locally generated vapor takes place. The trend of entropy increase would break where two monsoon systems travelling in the opposite directions meet. An analysis of the precipitation isotope data based on these entropy behaviors would help to trace the monsoon systems. Typically an entropy-based method is efficient, requiring relatively little computational effort, and is versatile in its applicability across many disciplines, such as ecology, biology, economics, hydrology and water resources [26] [27] [28] [29] . Here we aim to develop such a method for analyzing precipitation isotope data to study the monsoon systems in China, dealing with the complexity of these systems and data deficiency.
China occupies most part of East Asia with an area of 9.6 million square kilometers and terrains of three ladders in altitude from the west to east 30, 31 . The climate in China is controlled by two seasonal monsoons, namely, the winter monsoon and summer monsoons consisting of Indian monsoon and East Asian monsoon 32, 33 (Fig. 1 ). The winter monsoon is a flow of cold, dry air associated with the Siberian-Mongolian High and the westerlies, which has a great influence on the precipitation in northern China. In contrast, the summer monsoons are steady flows of warm, moist air from the tropical Indian and Pacific oceans, transporting water vapor to southern China 34 . The winter monsoon and summer monsoons form three corridors of vapor inflow to China: northwestern corridor, southwestern corridor and southeastern corridor, with vapor sourced mainly from inland, the Indian Ocean and the Pacific Ocean, respectively 35 . The onset, extent, peak and retreat of monsoon seasons in China vary with the relative intensities of these three monsoon streams 32, 33 . In the summer, the Indian monsoon and East Asian monsoon have larger intensities than that of the northwestern monsoon, while the opposite occurs in the winter. The onset of the monsoon season begins with heavy rainfalls over South China Sea in mid-May. Subsequently the rain belt gradually moves to the north and northwest from coastal seas toward inland areas. The peak rainy season tends to occur in late June over the Yangtze River region and in late July over northern China. As the northwestern monsoon strengthens against the Indian monsoon and East Asian monsoon after July, the summer monsoons withdraw progressively from northern China southward toward coastal regions. On a yearly cycle, the summer monsoons bring a vast amount of rainfall to China, due to the warm vapor and strong intensity of the monsoons compared with the winter monsoon of cold continental air mass [35] [36] [37] . In southern China, the Indian monsoon is the main contributor of water vapor, with an average intensity about two times that through the southeastern corridor 35 . However, in central and northeastern China, the East Asian monsoon is the main source of the precipitation 38 
.
As mentioned above, our understanding of monsoons traced by precipitation isotope in China is far from being complete. This paper aims to develop and apply a new method based on the entropy theory to examine the random behavior of precipitation isotopes and explore the monsoon systems in China using long-term isotope data from 42 selected GNIP stations. This is the first time that the entropy theory is applied to interpret the precipitation isotope data.
Results

Relation of D and
18 O entropies. The relation between D and 18 O concentrations in natural meteoric water has been determined as δD = 8δ 18 O + 10 (Eqn. 1), which has been applied as a standard method for examining the D and 18 O variations in natural waters 3, 4 . Based on the precipitation isotope data collected from the 42 selected GNIP stations, we computed the entropies of D and 18 O (details in the Method section). Another linear relationship was found between these two isotopes in terms of entropy (Fig. 2) 18 O values in precipitation. Therefore, the difference between the behaviors of these two entropies, if any, is expected to be small, as shown by their linear relationship with the proportionality factor close to unity (Eqn. 2).
Link between spatial entropy variations and monsoon systems. In the Asian monsoon-active area, the vapor source and monsoon pathway, as mentioned above, are the main factors that determine the precipitation isotope distribution [11] [12] [13] [14] [15] [16] [17] [18] . Changes in the variance of the precipitation isotope distribution lead to variations of isotope entropy. Therefore, the variations of the D and 18 O entropy could be used to infer the vapor source and monsoon pathway as discussed in detail below. On the other hand, we have tested and found no relation of the D and 18 O entropy with the annual average precipitation or annual average temperature, indicating negligible effect of both factors on the variations of the precipitation isotope entropy (supplementary information SI2).
Figures 3 and 4 present the D and 18 O isoentropy lines in the study area, respectively. The patterns shown in both figures share a large degree of similarity and portray well the links of the D and 18 O entropy with vapors sourced from different monsoon streams: the winter monsoon with four streams (W1-4), the summer Indian monsoon with two streams (I1-2) and the summer East Asian monsoon with three streams (E1-3). These monsoon streams are drawn along the paths with minimum entropy gradients (i.e., least rates of entropy increase). Overall the isotope entropies associated with the winter monsoon are higher than those in the summer monsoons. The maximum ED and E 18 O in the winter monsoon are 2.6 bit and 1.7 bit, respectively. These values are larger than those in the summer monsoons with max(ED) = 2.3 bit and max(E 18 O) = 1.4 bit for the Indian monsoon, and max(ED) = 2.1 bit and max(E 18 O) = 1.2 bit for the East Asian monsoon. The differences are likely to be caused by different vapor origins. While the vapor in the winter monsoon is sourced from the secondary evaporation from inland water, the summer monsoon acquires vapor from the warm ocean. Where the Indian monsoon crosses the southwestern border of China, the isotope entropy values are larger than those where the East Asian monsoon crosses the southeastern border of China. This may be due to a longer journey taken by the water vapor from the Indian Ocean to the Indo-Chinese border.
The results also show a general trend of decreasing entropies of D and 18 O from the northwest to southeast, reflecting the combined influence of different monsoons. The isoentropy lines in the northwest and southeast, where a single monsoon system (winter or summer East Asian monsoon) dominated, are sparse, showing relatively small spatial variations. In contrast, the isoentropy lines are relatively dense with large gradients in central China and the south-central part of northeastern China, where the summer monsoon and winter monsoon meet. The dense isoentropy lines indicate a great impact on the entropy of precipitation isotope, imposed by the interaction between two monsoon systems. Table 1 .
If a monsoon system is assumed to be isolated, then its entropy should continuously increase along the travel path based on the principle of maximum entropy. If the entropy of a monsoon system decreases, it would have been influenced by another system, which brings negentropy via vapor mixing. Figures 3 and 4 reveal that the precipitation isotope entropies of the Indian monsoon and winter monsoon decrease along the path from the border: from 2.3 bit to 2.1 bit for the D entropy and from 1.4 bit to 1.1 bit for the 18 O entropy in the Indian monsoon, and from 2.6 bit to 2.4 bit for the D entropy and from 1.7 bit to 1.5 bit for the 18 O entropy in the winter monsoon. The entropy reduction in the winter monsoon is smaller than that in the Indian monsoon. This is likely to be due to smaller rainfall events involved with the winter monsoon than those with the Indian monsoon. In contrast, the journey of the East Asian monsoon, mostly over the Pacific Ocean, leads to increase in both isotope entropies along the path, indicating less interaction with external systems.
Tracing monsoon systems. Given (I1) passes eastward from the southwestern border of China and then turns to the northeast of the south central China before reaching eastern China, where its intensity weakens after producing heavy rainfalls. Overall the Indian monsoon transports large water vapor from the Indian Ocean to China. Note that a fraction of the Indian monsoon (I2) turns to the north at the eastern Qinghai-Tibet Plateau, which may result from the impeding effect of the Hengduan mountain 37 . There is a similar case, mirrored by the parallel isoentropy lines along the Himalayas (Figs 3 and 4) , that the Himalayas impede the movement of the Indian monsoon from the south to north and the movement of the winter monsoon from the north to south.
After crossing the northwestern border, the winter monsoon commences its journey in a stream (W1) from the northwest to the south until reaching the Qinghai-Tibet Plateau; and another stream (W2) moves to the east until reaching the central part of northern China. The third stream of the winter monsoon (W3) from the north brings some precipitation to the north central China. The fourth stream of the winter monsoon (W4) from the north affects the precipitation in the north part of northeastern China.
Across the southern and eastern coastal areas of China, the isoentropy lines vary a little. This is likely to be due to the influence of the East Asian monsoon stream (E1) bringing water vapor from the Pacific Ocean 36 . Another two streams of the East Asian monsoon, E2 and E3, travel northwestward from the Pacific Ocean, and then mix with the winter monsoon in central China and the south-central part of northeastern China, bringing water vapor and producing most of the precipitation in these areas.
Discussion and Concluding Remarks
The method introduced in this study on the basis of the entropy theory has enabled an in-depth analysis of precipitation isotope data to explore complex monsoon systems. Compared with previous studies based on meteorological data, the present analysis uses precipitation isotope data with longer time series and wider spatial coverages. The results given by this method are based on the principle of maximum entropy, and thus represent the most probable course of events. The travel paths of the summer and winter monsoons and their influences discussed above are generally consistent with findings of previous studies [12] [13] [14] [15] [16] [17] [18] . The study has assumed that the precipitation isotope follows the normal distribution. We have tested this assumption and found that the normal distribution fits reasonably well with the isotope data. While future investigation can be carried out to examine further the statistical distribution of precipitation isotope, we believe the main conclusions from this study hold, in particular, the usefulness of the entropy method for studying the monsoon systems. The linear relationship between the D and 18 O entropy requires further investigation. The question whether it is a generic relation similar to the GMWL should be addressed. It should be pointed out that there is an anomalous data point in Fig. 2 (point 2 for Changchun). To examine this, we calculated the differences between the calculated entropy values and those given by the fitted equation for all stations ( Table 1) . The results show no correlation with longitude, latitude, precipitation, temperature or monsoon pathway. These differences do not follow the normal distribution either (supplementary information SI3). What causes the deviation needs to be further studied. As the precipitation isotope data continue to accumulate, the new method can be adapted to explore the seasonality of the monsoon systems based on monthly or even daily averaged data.
Methods
Entropy theory. Entropy has been widely applied as a measure of dispersion, uncertainty, disorder and diversification associated with a random variable and its probability distribution, since the development of the information entropy theory in the late 1940s 22 . The concept is derived from the second law of thermodynamics with a few modifications. In generalized thermodynamics, entropy [26] [27] is decomposed into two parts dH = dH e + dH i , where dH e is the entropy exchange between the system and its surroundings and dH i is the entropy produced in the system itself. In an isolated system, the entropy tends to increase to reach the maximum value -a chaotic state of the system. That is to say that dH i will be increasing until the system comes under the condition of dynamic equilibrium. In contrast, an open system undergoes continuous exchange of material, energy and information with the ambient environment, which brings negentropy to reduce the entropy of the system and hence helps to maintain its order 23 .
Principle of maximum entropy. This principle introduced by Jaynes [23] [24] [25] states that the entropy of a closed system increases to reach a peak value. It has been extensively used in non-thermodynamic fields. The process of problem-solving could be regarded as extracting information from the provided data, including known data and assumptions to unknown information. When the data are insufficient, the solution with the maximum entropy must correspond with the provided data under the condition of the least amount of assumptions about the unknown information. In other words, the principle of maximum entropy refers to the case in which as much information as possible can be obtained based on as few assumptions as possible. The case also means the most probable course of events, not the only possible ones. An optimal solution should be the one with the maximum entropy among all the solutions, subject to specified constraints.
Entropy calculation. The entropy equation for a random variable is given by H
where p(x) is the probability density function. The units of Binary Digit (bit), Natural Digit (nat) and Decimal Digit (dit) are used with the base of the logarithm of 2, e and 10, respectively 22 . In most cases, the base of the logarithm of 2 is adopted in the calculation with k = 1. Entropy equations for random variables following the normal distribution and other distributions such as the gamma distribution, lognormal distribution, beta distribution and extreme distribution have been derived based on the principle of maximum entropy 39 . The general equation for computing entropy based on the normal distribution is given by
where n is the set number of variables and S c is the cross correlation matrix of all sets of random variables [39] [40] [41] [42] . When Eqn. 3 is used for a single variable instead of multivariate data, n is equal to 1 and S c becomes the variance of the random variable. It has been found that precipitation data follow the normal distribution [40] [41] [42] . We tested and showed that the precipitation isotope data also follow reasonably well the normal distribution. Thus Eqn. 3 was used in calculating the isotope entropy.
Data used in the analysis. It should be pointed out that the precipitation isotope data at some GNIP stations are incomplete in the IAEA database. A critical analysis on the data quality should be carried out first, as done in many previous studies 8, 43 . Based on such an analysis, 42 stations (28 stations in China and 14 stations in neighboring countries) within the GNIP were selected (Table 1 and Fig. 1 as a set of random variables. Given the independence of each isotope value, the precipitation isotope data are expected to follow the normal distribution. We used the data from the Hong Kong station and New Delhi station to test and validate this (supplementary information SI4). These two stations have isotopic records of 49 and 50 years, respectively. The variance of the isotope data for the record period is calculated and subsequently used in Eqn. 3 to compute the D and 18 O entropy for each station.
Data availability. All data used in the study are available from the GNIP Database. Accessible at: http://www. iaea.org/water.
